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In this paper, a new severe plastic deformation method called equal channel forward extrusion (ECFE) process has been proposed and
investigated by experimental and numerical approaches on the commercial pure copper billets. The experimental results indicated that the
magnitudes of yield strength, ultimate tensile strength and Vickers micro-hardness have been markedly improved from 114 MPa, 204 MPa and
68 HV as the annealed condition to 269 MPa, 285 MPa and 126 HV after the fourth pass of ECFE process, respectively. In addition, scanning
electron microscopy observation of the samples showed that the average grain size of the as-received state which is about 22 μm has been reduced
to 1.4 μm after the ﬁnal pass. The numerical investigation suggested that although one pass ECFE process fabricates material with the mean
effective strain magnitude of about 1, the level of imposed effective plastic strain gradually diminishes from the circumference to the center of the
deformed billet.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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Various severe plastic deformation (SPD) techniques are the
most successful and efﬁcient means to obtain both the high
strength and unique properties at the ambient and high tempera-
tures. In all SPD methods, intense plastic strain is imposed to a
specimen without any substantial alteration at the dimension of
work-piece which makes it possible to repeat the process
consecutively. This leads to attain material with the large level
of effective plastic strain and result in ultra-ﬁne grained (UFG)
and even Nano-structured (NS) characterization [1–4].
Over the last two decades, the most promising SPD methods
consist of equal channel angular pressing (ECAP) [5], highe front matter & 2014 Chinese Materials Research Society. Produc
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nder responsibility of Chinese Materials Research Society.pressure torsion (HPT) [6], constrained groove pressing (CGP)
[7] and accumulative roll bonding (ARB) [8] due to their
simplicity and aptitude to construct signiﬁcant grain reﬁnement
in materials. Therefore, numerous experimental and numerical
works have been carried out to validate these methods with the
aim of industrialized applications [3,4,9]. It should be pointed
out that besides obtaining solitary characterization of the
different SPDed materials, some attempts have been made on
the modiﬁcations of these methods. These include equal
channel angular rolling (ECAR) [10], conform-ECAP [11],
conshearing-ECAP [12], cross-ECAP [13], rotary die-ECAP
[14], side extrusion-ECAP [15] and ECAP with parallel
channel [16] as well as particularly proposing new SPD tech-
niques such as cyclic extrusion compression (CEC) [17],
accumulative back extrusion (ABE) [18], cyclic forward back-
ward extrusion (CFBE) [19], elliptical cross-section spiral
equal-channel extrusion (ECSEE) [20], simple shear extrusion
(SSE) [21], twist extrusion (TE) [22], high pressure tube twisting
(HPTT) [23], tubular channel angular pressing (TCAP) [24],
accumulative spin bonding [25], multi axial forging/compression
(MAF/C) [26], parallel tubular channel angular (PTCAP) [27],tion and hosting by Elsevier B.V. All rights reserved.
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(HCAE) [29] and hollow cone high pressure torsion (HC-HPT)
[30]. It can be said that some of the mentioned methods have low
productivity rate like ECAP process, For example, HPTT and
ABE are very difﬁcult to scale up, HPT produces relatively small
quantities of sample, while ASB are unable to fabricate work-
piece at low cost.
In this work by appreciating the important potentials of
various SPD techniques, a novel method named equal channel
forward extrusion (ECFE) has been proposed and investigated.Fig. 2. The half of the main deformation zone part and also, half of the
specimen before and after ECFE process.2. Principle of ECFE method
The specimen with a rectangular cross-section at the start of the
process is constrained by the inlet channel of equal channel
forward extrusion (ECFE) die. Then, it is extruded with a punch
into the main deformation zone (MDZ) as can be observed in
Fig. 1. The ECFEed die can be classiﬁed into three major sections
named inlet channel where the sample is placed there for
deformation, main deformation zone where the material is
subjected to intense plastic strain (see Fig. 2) and ﬁnally, outlet
channel where the work-piece with the high level of effective strain
is achieved. As the material passes through the height of MDZ, the
cross-section of the sample incrementally expands at the width
direction and contracts at the length direction, simultaneously. The
gradual alteration at the cross-section shape of the specimen during
passing through MDZ part is shown in Fig. 3. It is important to
emphasize that there is no sample rotation during the process. By
regarding that the dimension of work-piece during ECFE process
remains constant, the process can be repeated as many times as
necessary which is one of the main requirements of SPD
techniques.
Generally the width to length ratio of the sample and also, the
magnitude of MDZ0s height are the two major parameters whichFig. 1. The schematic representation of equal channel forward extrusion
process: full and half of the die set-up.
Fig. 3. The gradual alteration at the shape of the sample0s cross-section during
ECFE process.inﬂuence the strain behavior (effective strain magnitude and strain
distribution uniformity), grain size and required punch force and
also, mechanical properties of the deformed billets.
3. Experimental procedure
The material used in the present study was commercial pure
copper which was received in the form of the extruded bar. Its
chemical composition was 0.0051 wt% Zn, 0.004 wt% Ni,
0.0027 wt% Pb, 0.0024 wt% P, 0.0019 wt% Co, 0.0019 wt%
Al, 0.0014 wt% Si, 0.0011 wt% S and balanced copper. The
reason of choosing this material is due to its various optical
Fig. 4. (a) The representation of ECFE die including of inlet channel, MDZ
and outlet channel and (b) the Cu billet after the fourth pass of ECFE process.
Fig. 5. The dimension of rectangular tensile test sample according to the
ASTM B557M.
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technique, the extruded bar was cut into samples with a length,
width and height of 45 mm, 25 mm and 140 mm, respectively.
Before extrusion operation, all samples were annealed for 2 h
at 450 1C and then, cooled slowly at the furnace to the room
temperature for obtaining fully recrystallized homogeneous
microstructure [31].
ECFE process was performed with the use of a split die as
can be seen in Fig. 4a. In addition, all billets were coated with
a lubricant of MoS2 to diminish the frictional effect between
interface of the die and the specimen. ECFE process was
commenced by pushing the sample using a punch with the
speed of about 1 mm/s from the entry channel to the MDZ and
then, extruded out to the exit channel. The Cu samples were
pressed up to four passes and also, the fourth pass of Cu work-
piece is shown in Fig. 4b.
Samples for microscopic examination were cut perpendicular
to the extrusion direction of the billet. After grinding and
mechanical polishing, samples were etched within 10–40 s using
a solution of 20 ml NH4OH, 10 ml H2O and 10 ml H2O2.
Microstructural observation was carried out using scanning
electron microscopy (SEM). The average grain size was mea-
sured using a linear intercept method according to ASTM E112.
Uniaxial tensile test specimens were prepared according to
ASTM B557M as schematically showed in Fig. 5 for the samples
of as-received, the ﬁrst and ﬁnal passes to depict improvement of
strength behavior. It should be pointed out that the gauge length
of all test samples was parallel to the extrusion direction and all of
them were extracted from the center part of the billets.
Furthermore, the extensometer was utilized to measure strain
magnitude during tensile operation. Fig. 6 shows the tensile test
specimen and also extensometer device during tensile test
operation. Vickers micro-hardness (HV) measurements were
made on the three planes consisting of cross-section, longitudinaland transverse sections for the annealed and the deformed
specimens after one and four passes. A load of 100 gf for a
dwell time of 15 s was applied for each HV test. Fifteen
measurements were taken on each sample at random selected
points and then, the average value was reported. All experimental
work was carried out in the Research and Technology Center
(RTC) at the mechanical engineering department of IUST.
4. Finite element analysis
Commercial ﬁnite element method (FEM) software DEFORM-
3D V10 was used to investigate the deformation behavior of one
pass ECFEed sample. All die set-up dimension and mechanical
properties of sample in the simulated process were the same as
those of the experiment. Die and punch were assumed to be rigid
bodies, i.e., there is no deformation during the process. The
sample was considered to be a deformable pure copper with the
stress–strain relationship of s¼402ε0.32 MPa where 402 MPa is
strength coefﬁcient and 0.32 is strain hardening exponent which
was determined experimentally using tensile test data. By
regarding that the one pass of ECFE process leads to a high
level of plastic strain and so such stress–strain relationship might
not be a suitable choice, this experimental relationship was taken
into account up to a true strain of about 1 (perfect plastic
condition), after which, no strain hardening effect was considered.
The work-piece in the simulated process was modeled with
39,196 tetrahedral elements. A constant shear friction value
(m¼0.12) was used at the interface between the billet and the
die [32]. Automatic re-meshing was used to accommodate large
strains and direct iteration method solver was implemented. By
considering the mesh sensitivity diagram, the optimum element
size was found to be 0.75 mm. Fig. 7 displays the pure copper
deformed billet during one pass of ECFE process and histogram
of its strain distribution. Effective strain or ES is deﬁned the total
true strain minus the recoverable one. In other words, it can be
said that ES is related to the residual true strain after unloading
elastic regime.
5. Results and discussion
Before ECFE process, the microstructure observation of
commercial pure Cu specimens shows a typical recrystallized
Fig. 6. The tensile test specimen and extensometer during tensile operation.
Fig. 7. The effective plastic strain contour of pure copper billet during the ﬁrst pass of ECFE process and histogram of its strain distribution.
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After the ﬁrst pass of extrusion, a very high dislocation density
was introduced which leads to the formation of low angle grain
boundaries (LAGBs). Fig. 8b represents the elongated band
structure of ECFEed sample after the ﬁrst pass. It is readily
observed that although the average grains width of this
structure is about 2 μm, the mean length is approximately
7 μm. It is also found that there is high density of dislocations
inside the band structure. This elongated grains structure is
converted to the equiaxed one by increasing pass number up to
four passes. So, more uniform structure with an array of ultra-
ﬁne grains can be obtained at the ﬁnal pass of deformation as
can be seen in Fig. 8c. As a result, it can be concluded that
although grain reﬁnement has been signiﬁcantly reduced after
the initial passes, the rate of reduction has been diminished at
the subsequent passes. The same trends have been reported in
the other SPD techniques [3,33,34]. It can be said that close to
94% reduction in the grain size has been achieved after four
passes as compared to the annealed state.
Fig. 9 exhibits the room temperature tensile behavior of
commercial pure copper samples before (annealed condition)
and after the ﬁrst and fourth passes of ECFE process. These
stress–strain curves reveal that imposing intense plastic deforma-
tion to the material via new ECFE process results in enhancementat the yield and ultimate tensile strengths (YS and UTS) and
reduction at the elongation percent. The results show that the
magnitudes of (YS and UTS) have been enhanced from
(114 MPa and 204 MPa) at the as-received situation to
(213 MPa and 245 MPa) and (269 MPa and 285 MPa) after the
ﬁrst and the fourth passes of ECFE process, respectively while
the elongation to failure percent is reduced from 42% to 14.7%
and 8.7% after one and four passes of process. These indicate that
about 87% and 20% improvements have been obtained after the
ﬁrst pass comparing with the as-received state while only 26%
and 16% increases have been attained after the fourth pass
comparing with the ﬁrst pass for the yield and ultimate strengths,
respectively. In addition, the elongation to failure at the ﬁrst and
the fourth passes are decreased close to the 65% and 41% as
compared to the annealed and ﬁrst pass conditions, respectively.
It is clear that after the ﬁrst pass, subsequent extrusion process
does not signiﬁcantly alters the strength behavior of ECFEed
material. In other words, it can be said that most of the
enhancement at the strength and reduction at the ductility has
been achieved after only the ﬁrst pass of ECFE method.
Vickers micro-hardness (HV) measurements for the coarse
and ultra-ﬁne grained samples have been carried out to
evaluate the inﬂuence of process and pass number on the
hardness behavior of material. It is found that the ﬁrst pass of
Fig. 8. The scanning electron microscopy observations: (a) before, (b) after the ﬁrst pass and (c) after the fourth pass of ECFE process.
Fig. 9. The stress–strain curves of pure copper billet before and after the ﬁrst
and fourth passes of ECFE process.
Fig. 10. The rate of mechanical properties improvement for the ECFEed pure
Cu billet.
Table 1
The inﬂuence of various width to length ratios (a/b) on the effective strain
magnitude (ES), its standard deviation (SD) and required extrusion force (RF).
a/b ES SD RF (KN)
0.30 2.65 0.984 460
0.35 2.24 0.790 348
0.40 1.83 0.635 260
0.45 1.52 0.525 195
0.50 1.27 0.407 155
0.55 1.05 0.302 110
0.60 0.828 0.230 85
0.65 0.716 0.183 58
0.70 0.568 0.136 45
0.75 0.433 0.097 30
0.80 0.323 0.074 22
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increase from 68 HV to 109 HV. Then, hardness value
gradually increased with the pass number and it reached to
126 HV at the ﬁnal pass. It can be concluded that there is
approximately 60% increase at the hardness magnitude of one
pass as compared to the un-ECFEed condition and also, close
to 15% increase at the hardness value of ﬁnal pass over
corresponding the ﬁrst pass situation. Therefore, the main
increment at the hardness value is attributed to the ﬁrst pass
conﬁguration. Fig. 10 shows the diagram bar for the ECFEed
copper pure samples. It can be said that the rate of improve-
ment at the mechanical properties especially for the YS and
HV is high for the ﬁrst pass of process and it leads to moderate
by adding pass number.
As mentioned above, two prominent parameters in the ECFE
process are width to length ratio and height of main deforma-
tion zone. Table 1 lists the inﬂuence of various width to lengthratios (a/b) on the strain behavior including effective strain
magnitude (ES) and its standard deviation (SD) and also,
required extrusion force (RF) when the magnitudes of sample0s
width (a) and MDZ0s height (h) are the same as the experi-
mental ones. It should be noted that the cross-section of Cu
sample is square when the width to length ratio is equal to one.
At this situation it can be said that there is no strain imposition
to the billet sample. On the other hand it is well observed that
decreasing width to length ratio from 0.80 to 0.30 leads to
increasing at the effective plastic strain value. This is due to fact
that the specimen with lower a/b has a bigger difference at the
width and length dimension by considering that the width and
length of sample0s cross-section convert to each other during
passing the MDZ. Furthermore, pure copper billet with lower
width to length ratio has higher SD and RF values beside ES
one. Although higher imposed effective strain is acceptable and
useful for SPDed work-pieces, larger SD and RF values are not
suitable. Higher SD value means higher non-uniformity of strain
distribution for the ECFEed sample. Also, hydraulic press with
larger capacity is required for the sample with higher RF value.
The experimental sample conﬁguration with the width of
25 mm and length of 45 mm is related to the ratio of 0.55 with
the effective strain close to 1. This situation is similar to the
ECAPed sample after one pass with the die channel angle of
901 [32]. The simulated result of ECFEed Cu billet with this
ratio shows that the magnitudes of SD and RF are 226% and
318% lower than those of the ones with the ratio of 0.30. So,
ECFEed sample with better strain distribution homogeneity
Fig. 11. (a) The curves of effective strain magnitude along the length and width directions and also, (b) and (c) the effective strain contour at the cross-section and
whole of the ECFEed Cu billet after the ﬁrst pass.
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to length ratio of 0.55 as compared to the ratio of 0.30.
Fig. 11a displays the magnitude of effective plastic strain at
the cross-section of the deformed Cu billet after one pass along
the length and width directions for the ratio of 0.55. Also,
Fig. 11b shows effective strain contour at the cross-section of
ECFEed pure copper after the ﬁrst pass of process. As can be
observed, larger effective plastic strain has been obtained at the
layers close to the periphery. In other words, the imposed
effective plastic strain is gradually reduced from the surface to
the center, and hence the lowest effective strain value belongs
to the center of the copper billet. Furthermore, it should be
pointed out that the values of mean ES and SD are (0.888 and
0.163) and (0.930 and 0.253) for both the length and width
directions, respectively. These indicate that although ES
magnitude has grown 4.7% at the width direction as compared
to the length one, the strain distribution heterogeneity using
statistical factor of SD has been increased up to 55% for the
longitudinal axis. This event has been also exhibited in
Fig. 11c. This non-uniformity of strain dispersal leads to
production of material with non-isotropic property.6. Conclusion
A novel severe plastic deformation method, equal channel
forward extrusion, was introduced and was used to fabricate
bulk UFG materials.1 This new deformation technique results in material strengthen-
ing as well as grain reﬁnement. About 87% and 136%
enhancements have been attained for the yield strength after
the ﬁrst and fourth passes compared with that for the annealedstate. Also, the value of ultimate tensile strength increased about
20% and 39% comparing with the un-ECFEed conﬁguration.
In addition, the elongation to failure percent reduced about
65% and 79% over the corresponding as-received condition.
And there are about 60% and 85% increases at the hardness
values of ECFEed pure Cu billet after the ﬁrst and ﬁnal passes
than that of the as-received state. The improvement rate of
mechanical properties is signiﬁcantly high for the ﬁrst pass and
then, decreases by adding pass number. The average grain size
reduced from 22 μm at the annealed condition to the 1.4 μm
after the ﬁnal pass of process.2 Finite element analysis of ECFE process indicates that the
billet with the width to length ratio of 0.55 gives the
effective strain magnitude of 1 which is attained with the
ECAP process after one pass by the die channel angle of
901. Also, ECFEed sample with this ratio constructs
material with good strain distribution uniformity and it
needs the lower required extrusion load beside the accep-
table imposed effective strain.3 The imposed ES is gradually diminished from the surface to
the center of ECFEed billet and it can be summarized that
the highest and lowest imposed effective plastic strains take
place underneath the periphery and center of the deformed
specimen, respectively.4 Based on the experimental and numerical results, the equal
channel forward extrusion developed in the present inves-
tigation is practical for industrial applications.
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